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Abstract  
Skeletal muscle possesses the ability to regenerate following injury but is impaired or 
delayed with aging. Regardless of age, muscle retains the ability to positively 
respond to stimuli like exercise. We examined whether exercise is able to improve 
the regenerative response in skeletal muscle of aged mice. Twenty two month old 
male C57Bl/6J mice (n=20) underwent an 8wk progressive exercise training protocol 
(O-Ex) and were compared to old sedentary (O-Sed) and young sedentary (Y-Ctl) 
mice. Mice received injections of cardiotoxin into their tibialis anterior muscle. The 
TA were harvested prior to (O-Ex/O-Sed/Y CTL n=6), 10 days (O-Ex/O-Sed/Y D10 
n=8) and 28 days (O-Ex/O-Sed/Y D28 n=6) post-injection. The average fibre cross 
sectional area (CSA) was reduced in all groups at D10 (CTL: O-Ex: 2499±140, O-
Sed:2320±165, Y:2474±269; D10: O-Ex:1191±100, O-Sed:1125±99, 
Y:1481±167μm2; all p<0.05) but was restored to control values in O-Ex and Y-Ctl 
groups at D28 (O-Ex:2257±181, Y:2398±171 μm2, both p>0.05). Satellite cell 
content was greater at CTL in O-Ex (2.6 ± 0.4 SC/100 fibres) compared to O-Sed 
(1.0 ± 0.1 SC/100 fibres) (p<0.05). Exercise conditioning appears to improve the 
skeletal muscle’s ability to regenerate following injury in aged mice.  
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Introduction  
The loss of muscle mass and strength associated with advancing age (sarcopenia) 
can ultimately become debilitating (1). Developing interventions that target the 
mechanisms of age-related impairments in skeletal muscle growth/adaptation/repair 
is essential in improving the quality of life of the elderly. Satellite cells (SC) are 
resident skeletal muscle stem cells and play an important role in early postnatal 
muscle growth, formation of new fibers and maintenance of muscle mass (2). 
Historically, it was postulated that SC were necessary for skeletal muscle 
hypertrophy (3) however, more recent work highlights their redundancy in mediating 
this process in rodents (4). Although the role of SC in muscle remodelling remains 
debatable, they are essential in skeletal muscle regeneration (4,5). Depletion of SC 
in rodents leaves them able to hypertrophy to the same extent as wild type animals 
but their ability to regenerate skeletal muscle following injury is severely impaired (4). 
This points to a fundamental difference in SC with aging relevant to their roles in 
hypertrophy and regeneration following damage.  
 
The regenerative process of skeletal muscle following injury is highlighted by several 
overlapping phases: the destructive/inflammatory phase, the repair phase and the 
remodeling phase (6). During the first phase of regeneration, the destructive phase, 
there is a degeneration of damaged fibres along with an influx of inflammatory cells 
(7). The influx of inflammatory cells not only leads to a clearance of muscle debris 
but also has a chemotactic role in SC migration to the site of injury (7). During the 
second or 'regenerative' phase, SC fuse to injured muscle fibres contributing to their 
repair, or fuse to each other to form new fibers (6). In the final phase, newly formed 
fibers or repaired fibers grow and ultimately re-establish contractility (6). In mice, 
regeneration of the tibialis anterior (TA) following injury, to control levels, has been 
consistently reported after ~21 days in young mice (8,9). However, existing evidence 
on whether old mice have the ability to fully regenerate their skeletal muscle 
following a similar injury is equivocal. Complete regeneration of the muscle following 
injury in old mice has been observed (8,10,11) while others report incomplete or 
delayed regeneration (12–14). More specifically, some studies demonstrate that 
although early regeneration is impaired in old mice, regeneration occurs to the same 
extent in both young and old when examined at later time points (8,10,11). These 
studies underpin the notion that delays in the inflammatory response and 
angiogenesis account for the early impaired regenerative response observed in old 
mice (10,11).   
 
Although the extent to which aged skeletal muscle is able to regenerate following 
injury is debatable although it is widely accepted that SC content and function 
decreases in aged rodents. The decrease in SC content is thought to, at least in part, 
play a role in skeletal muscle atrophy associated with aging (15) and the 
impaired/delayed regeneration in aged skeletal muscle (8,16–19). Age-related 
contraction of the SC pool likely contributes to impaired regeneration, but there is 
mounting evidence suggesting that the systemic environment of old mice also plays 
a role in the loss of SC function (13,14,20). Models of parabiosis have elegantly 
demonstrated that when old skeletal muscles are exposed to a young systemic 
circulation, regeneration and SC proliferation is restored (14,20) and the deposition 
of fibrotic tissue is reduced (14). These data highlight the importance of extrinsic 
cues from the systemic environment in mediating improvements in skeletal muscle 
regeneration.  
Several studies have explored the adaptive potential of aged mice to exercise 
stimuli. Following endurance exercise training in old mice there are improvements in 
spontaneous locomotion (17) and an increased life-span (21). In addition to 
improvements in more functional outcomes, an increase in SC content has 
consistently been reported following endurance training in young (22,23) and old 
rodents (17,19). Moreover, resistance training impedes the progressive loss of 
muscle associated with aging in rats (24) and prevents the age associated shift in 
fibre type distribution (25).  
 
 
 
 
 
 
 
 
 
As SC are essential in muscle regeneration and endurance training results in an 
increase in SC content it stands to reason that exercise may result in improved 
skeletal muscle regeneration in old mice. Additionally, as described above, exposing 
old mice to a young systemic environment resulted in improved muscle regeneration. 
In a human model, exercise is also known to have pronounced systemic effects even 
in non-contracting muscles (26) and may promote a more youthful systemic 
environment contributing to improved muscle regeneration.  
 
As described above, aged rodents maintain the ability to positively respond to 
exercise (17,19,21). Therefore the purpose of the current study was to determine the 
impact of endurance exercise training on skeletal muscle regeneration in old mice. 
The study design also enabled us to describe the effects of endurance exercise on 
the skeletal muscle of old mice and describe the effect of aging on skeletal muscle 
regeneration. 
Materials and methods  
Animals  
Twenty-two month old adult male C57Bl/6J mice (n=10 Charles River, USA; n=10 
Jackson Laboratories, Bar Harbor, ME, USA), were subjected to the 8 week exercise 
training protocol (O-Ex; n=20), mice were sacrificed at 24 months of age. Twenty-
four month old adult male C57Bl/6J mice (Charles River, USA n=10; Jackson 
Laboratories, Bar Harbor, ME, USA n=10), were used as a sedentary group (O-Sed; 
n=20) and did not take part in exercise training. 8 wk old young adult male C57Bl/6J 
mice (Charles River, USA n=10; Jackson Laboratories, Bar Harbor, ME, USA n=10) 
were used as a young control group (Y-Ctl, n=20). All old mice were housed together 
in cages with no more than 4 animals; O-Sed and O-Ex animals were not housed 
separately. Old mice were housed in HEPA filtered clean cages. All young animals 
were housed together with no more than 5 animals per cage. Mice were provided 
with food and water ad libitum. Mice were kept on a 12-h light-dark cycle. Ethics 
approval was granted by the McMaster University Animal research Ethics Board and 
conformed to the standards established by the Canadian Council on Animal Care.  
Exercise training protocol 
Old mice were exercised trained (n=20) on an Exer 6M treadmill (Columbus 
Instruments, Columbus, OH, USA) 40 minutes/session, 3days/week for 8 weeks. 
Every exercise session was preceded by a 10 minute warm-up at 6 meters/minute 
followed by a 5 minute cool-down at 6 meters/minute. Exercise training was 
progressive and began at 8.5 meters/minute (week 1) and increased to 15 
meters/minute (week 8). Mice were encouraged to run on the treadmill with light 
electric shock and hindlimb stimulation when they stopped running.  
CTX injection  
To determine the effect of aging and exercise on aged skeletal muscle, animals from 
each group Y-Ctl, O-Ex and O-Sed were subjected to bilateral injections of 50 μl 
(10μM) of cardiotoxin (CTX) (Latoxan, Valence, France) into their TA muscle.  
Animal sacrifice  
Mice were briefly anesthetized with isoflurane (Abraxis Bioscience, Summit, NJ, 
USA), then euthanized via cervical dislocation. Both TA muscles were removed, one 
was frozen immediately in liquid nitrogen for RNA analysis while the other was 
mounted in Optimum Cutting Temperature (OCT) compound (Tissue-Tek, Sakura 
Finetek, Torrance, CA, USA) then frozen in liquid nitrogen pre-cooled isopentane for 
histology experiments. For baseline comparisons (CTL) mice not subjected to CTX 
injections were euthanized from each group, Y-Ctl, O-Ex and O-Sed (n=6, per 
group). Mice from the O-Ex group were euthanized 3 days following their last bout of 
exercise to minimize the possibility of observing acute exercise effects. To observe 
skeletal muscle regeneration, mice from each group were euthanized 10 (D10) (n=8, 
per group) and 28 days (D28) (n=6, per group) following CTX injection.  
RNA isolation, reverse transcription and quantitative RT-PCR reaction  
Total RNA was isolated from TA muscles using a combination of TRIzol (Invitrogen) 
and E.Z.N.A. Total RNA Kit 1 (Omega Bio-Tek, Norcross, GA, USA). 
Whole TA muscles were homogenized using 1 ml of TRIzol reagent in Lysing Matrix 
D tubes (MP Biomedicals, Solon, OH, USA),with the FastPrep-24 Tissue and Cell 
Homogenizer (MP Biomedicals) twice for 40 s at 6 m/s. Samples were stored at -
80 C until further processing. Samples were thawed and 200 μl of chloroform was 
added to each sample and mixed vigorously for 15 s, incubated for 5 min at room 
temperatures and then centrifuged at 12 000g for 10 min at 4°C. The upper aqueous 
phase was removed and RNA was isolated following the E.Z.N.A. Total RNA Kit 1 
manufacturer’s instructions. RNA was reverse transcribed using a commercially 
available kit (high-capacity cDNA reverse transcription kit; Applied Biosystems, 
Carlsbad, CA, USA) following manufacturer's instructions using an Eppendorf 
Mastercycler ep gradient thermal cycler (Eppendorf, Mississauga, ON, Canada). 
Quantitative RT-PCR reactions were prepared using the epMotion 5075 Eppendorf 
automated pipetting system (Eppendorf) and conducted in duplicates in an 
Eppendorf realplex2 Master Cycler ep gradient S (Eppendorf). All samples were 
normalized to RPS11 fold changes in gene expression were calculated using the 
ΔΔCt method and expressed in relation to Y-Ctl, CTL values. The primer sequences 
are as follows RPS11: forward 5'-CGTGACGAAGATGAAGATGC-3', reverse 5'-
GCACATTGAATCGCACAGTC-3'; VEGF: forward 5'-TTACTGCTGTACCTCCACCA-
3', reverse 5'-ACAGGACGGCTTGAAGATGTA-3'.  
Immunohistochemistry  
7μm thick TA muscle cross sections were prepared from OCT embedded muscle. To 
determine SC content, fibre cross sectional area (CSA) and proportion of 
regenerating fibres identified as fibres with centrally located nuclei, TA muscle cross 
sections were stained using the Vector Laboratories (Burlington, ON, Canada) 
mouse-on-mouse immunodetection kit as per the manufacturer’s instructions, with 
minor modifications (overnight blocking step). Slides were treated with primary 
antibodies for Pax7 [neat; Developmental Studies Hybridoma Bank (DSHB), Iowa 
City, IA, USA] and laminin (1:1000; ab11575 Abcam). Pax7 was detected using 
streptavidin-594 fluorochrome, 1:500; Invitrogen, Molecular Probes and laminin was 
detected using Alexa Fluor 647goat anti rabbit (1:500). Nuclei were visualized with 
DAPI. Images were taken at 20x with a CoolSNAP HQ2 fluorescent camera (Nikon 
Instruments, Melville, NY, USA). Images were analyzed using Nikon NIS elements 
AR software. CSA and the proportion of regenerating fibres were determined on an 
average of >200 fibres/animal, SC content was determined on an average of >700 
fibres/animal.  
To determine capillarization, TA muscle sections were stained with CD31 and 
laminin. Slides were treated with PFA for 10 min, washed in PBST then incubated in 
block (1% BSA and 10% goat serum) for 90 min. Slides were incubated in CD31 
primary antibody (Abcam 28364) overnight at 4ºC. Slides were washed and CD31 
was detected using Alexa Fluor 488 goat anti rabbit (1:500), slides were re-fixed in 
4% PFA washed and incubated with laminin primary antibody (1:1000; ab11575 
Abcam) for 2 h at room temperature. Nuclei were detected using DAPI. The 
capillary-to-fiber ratio on an individual fiber basis (C/Fi) was determined as 
previously described (27). Images were taken at 20x with a CoolSNAP HQ2 
fluorescent camera (Nikon Instruments, Melville, NY, USA). Images were analyzed 
using Nikon NIS elements AR software. C/Fi was determined on an average of 50 
fibres/animal.  
Masson's Trichrome stain was used to determine collagen content in TA muscle 
cross sections. Sections were fixed in 4% PFA for 1 h then incubated in Bouin's 
fixative (Sigma, Oakville, ON, Canada) overnight at room temperature. Slides were 
rinsed in water, then incubated in Weigert's Iron hematoxylin for 5 min, washed 
again and incubated in biebrich scarlet - acid fuchsin for 15 min. Slides were then 
rinsed in water, incubated in phosphomolybdic-phosphotungstic acid 3x3min, 
incubated in aniline blue, dipped in water and incubated in 1% glacial acetic acid for 
2 min. Slides were treated with graded ethanol washes then cover slipped. The area 
occupied by collagen (stained blue) was determined and represented as a 
percentage of total area. Images were taken at 20x using the Nikon DS-Fi1. Images 
were analyzed using Nikon NIS elements AR software 
Oil-red-o stain was used to stain lipid in TA muscle cross sections. Slides were fixed 
for 1 h in 4% PFA, rinsed in water and incubated in oil red o working solution 
prepared with isopropanol for 30 min. Sections were rinsed in running water and 
cover slipped. Images were taken at 40x using the Nikon DS-Fi1. To quantify 
staining intensity was determined using using Nikon NIS elements AR software.  
Statistical Analysis  
To determine the impact of exercise training in old mice student's t-tests were run on 
all outcome measures between the O-Ex and the O-Sed groups at the CTL time 
point. To determine the impact of aging on muscle regeneration on all outcome 
measures a one way ANOVA was used to determine if there were differences 
between Y-Ctl and O-Sed at each time point (CTL, D10 and D28). To determine the 
impact of aging and exercise on all outcome measures a one way ANOVA was used 
to determine if there were differences between each group, Y-Ctl, O-Ex and O-Sed 
at each time point (CTL, D10, D28). Statistical significance was accepted at P ≤ 
0.05. Any significant main effects were analyzed using the Tukey's post-hoc test, 
alpha was adjusted based on the number of planned comparisons. All results were 
presented as means ± standard error of the mean (SEM).  
Results.  
1. Experimental Approach  
The present study was designed to investigate whether exercise was able to improve 
muscle regeneration in old mice. Additionally, the experimental design allowed us to 
determine the impact of exercise on old mice and the impact of age on muscle 
regeneration. Mice were 22 months old at the beginning of training (O-Ex). Mice 
trained 3 days/week for 8 weeks; mice were 24 months old at the end of the training 
protocol. A subset of mice (n=6) were sacrificed following training and their tibialis 
anterior (TA) muscles were isolated and frozen appropriately for further experiments. 
To determine the effect of exercise in old mice, TA muscles from O-Ex mice were 
compared to 24 month old sedentary mice that did not undergo any training (n=6). 
To determine the effect of aging on muscle regeneration, O-Sed animals were 
compared to 8 month old young mice (Y-Ctl). Mice were compared at baseline, prior 
to muscle injury (CTL), 10 d following injury (D10) and 28 d following injury (D28).  
To determine the effect of exercise training on muscle regeneration TA muscles 
isolated from Y-Ctl, O-Ex and O-Sed were compared at baseline, 10 and 28 days 
following injury.  
2. The effect of exercise in old mice.  
Fibre CSA was determined using immunofluorescent staining for laminin (FIG 1 A-I). 
Eight weeks of endurance exercise training did not lead to a change in fibre CSA of 
old mice (CTL: OEx: 2486 ± 125 μm2; O-Sed: 2275 ± 155 μm2) (p>.05) (FIG 1J).  
The extent of muscle regeneration was determined by the number of fibers 
containing centrally located nuclei (FIG 1 A-I), a hallmark of regenerating fibres (28). 
Old mice that underwent exercise training had a greater number of regenerating 
fibers (10 ± 2%) compared to old sedentary mice (4 ± 1%) (p<.05) (FIG 1 K). 
Although the exercise training protocol did not lead to an increase in CSA it did 
induce fibre regeneration.  
SC content was determined with immunofluorescent staining of laminin, Pax7 and 
DAPI (FIG 1 A-I). Old mice that underwent exercise training had significantly more 
SC than old sedentary mice (CTL: O-Ex: 2.6 ± 0.4; O-Sed: 1.0 ± 0.1 SC/100 fibres) 
(p<.05) (FIG 1 L).  
3. The effect of age on regeneration.  
Regeneration is impaired in old mice  
Fibre CSA was significantly reduced in both Y-Ctl and O-Sed mice 10 days following 
injury compared to CTL (CTL: Y-Ctl: 2475 ± 469, O-Sed: 2275 ± 155 μm2; D10: Y-
Ctl: 1482 ± 167, O-Sed: 1086 ± 79 μm2) (p<.05). However, 28 days following injury 
CSA was re-established in Y-Ctl (D28: 2551 ± 226 μm2), whereas it remained 
reduced in O-Sed (1351±121 μm2) (p<.05) (FIG 1M). Additionally, the percentage of 
regenerating fibres was significantly smaller in O-Sed (53 ±6%) 28 days following 
injury compared to Y-Ctl (76 ± 5%) (p=.05) (FIG 1 N).  
The SC response to regeneration is impaired in old mice  
SC content was greater 10 days following injury compared to CTL in both Y-Ctl 
(CTL: 2.6  9.1 ± 1.3SC/100 fibres) and O-Sed (CTL: 1.0 ±0.1; D10: 5.7 ±0.8 
SC/100fibres) (p<.05). Twenty-eight days following injury SC content remained 
elevated in Y-Ctl compared to CTL (CTL: 2.6±0.4; D28: 6.7 ± 1.1 SC/100 fibres) 
(p<.05). No difference in SC content was observed in O-Sed between CTL (1.0 ±0.1 
SC/100 fibres) and D28 (2.4 ± 0.5 SC/100 fibres) (p>.05) (FIG 1 O).  
The revascularization process during regeneration is impaired in old mice  
The number of capillaries per individual fibre (C/Fi) was determined via 
immunofluorescent staining of TA muscle cross section for laminin and CD31 (FIG 3 
E-F). C/Fi was not different between Y-Ctl and O-Sed mice at CTL and 28 days 
following injury (p>.05) (FIG 3 I). VEGF mRNA expression was increased in both Y-
Ctl and O-Sed groups 10 days following injury approximately 3- and 5-fold 
respectively group (p<.05) (FIG 3 J).  
Fibrosis is increased in old mice during regeneration  
In O-Sed the fibrotic index was greater 10 days (8.1 ±0.9%) following injury 
compared to CTL (3.4 ± 1%) (p<.05). The fibrotic index was greater in the O-Sed 
group (8.1 ± 0.9%) compared to the Y-Ctl (4.6 ±1%) group 10 days following injury 
(p<.05). No differences in fibrotic index were observed in the Y-Ctl group across any 
time point. Aging did not affect fibrosis as no differences existed at CTL between the 
Y-Ctl and O-Sed group at baseline (p>.05) (FIG 4K).  
4. The effect of exercise on regeneration in old mice.  
Exercise rescues impaired regeneration in old mice 
C_S_A_ _w_a_s_ _r_e_d_u_c_e_d_ _i_n_ _a_l_l_ _g_r_o_u_p_s_ _1_0_ 
_d_a_y_s_ _f_o_l_l_o_w_i_n_g_ _i_n_j_u_r_y_ _c_o_m_p_a_r_e_d_ _t_o_ 
_C_T_L_ _(_p_<_._0_5_)_._ _C_S_A_ _w_a_s_ _r_e_-_e_s_t_a_b_l_i_s_h_e_d_ 
_t_o_ _C_T_L_ _v_a_l_u_e_s_ _2_8_ _d_a_y_s_ _f_o_l_l_o_w_i_n_g_ 
_i_n_j_u_r_y_ _i_n_ _Y_-_C_t_l_ _a_n_d_ _O_-_E_x_ _b_u_t_ _n_o_t_ _i_n_ _O_-
_S_e_d_ _(_C_T_L_:_ _Y_-_C_t_l_:_ _2_4_7_5_ _± _2_6_5_ _μm_2_;_ 
_O_E_x_:_ _2_4_8_6_ _± _1_2_5_ _μm_2_;_ _O_-_S_e_d_:_ _2_2_7_5_ _± 
_1_5_5_ _μm_2_;_ _D_2_8_:_ _Y_:_ _2_5_5_1_ _± _2_2_6_ _μm_2_;_ _O_E_x_:_ 
_2_2_0_8_ _± _1_6_9_ _μm_2_;_ _O_-_S_e_d_:_ _1_3_5_1_ _± _1_2_1_ 
_μm_2_)_ _(_F_I_G_ _2_ _A_)_._ _T_h_e_ _p_e_r_c_e_n_t_a_g_e_ _o_f_ 
_r_e_g_e_n_e_r_a_t_i_n_g_ _f_i_b_e_r_s_ _w_a_s_ _g_r_e_a_t_e_r_ _i_n_ 
_a_l_l_ _g_r_o_u_p_s_ _1_0_ _d_a_y_s_ _f_o_l_l_o_w_i_n_g_ _i_n_j_u_r_y_ 
_(_p_<_._0_5_)_._ _A_d_d_i_t_i_o_n_a_l_l_y_,_ _t_h_e_ _p_e_r_c_e_n_t_a_g_e_ 
_o_f_ _r_e_g_e_n_e_r_a_t_i_n_g_ _f_i_b_r_e_s_ _w_a_s_ _s_m_a_l_l_e_r_ _a_t_ 
_D_2_8_ _i_n_ _t_h_e_ _O_-_S_e_d_ _g_r_o_u_p_ _(_5_3_ _± _6_%_)_ 
_c_o_m_p_a_r_e_d_ _t_o_ _t_h_e_ _Y_-_C_t_l_ _g_r_o_u_p_ _(_7_6_ _± 
_5_%_)_ _(_p_=_._0_5_)_ _(_F_I_G_ _2_ _B_)_._ _ 
The SC response during regeneration in old mice  
SC content was greater 10 days following injury in all groups: Y-Ctl (CTL: 2.6 ± 0.4; 
D10: 9.1 ± 1.3 SC/100 fibres), O-Ex (CTL: 2.3 ± 0.3; D10: 7.9 ± 1.7 SC/100 fibres), 
and O-Sed (CTL: 1.0 ± 0.1; D10: 5.7 ± 0.5 SC/100 fibres) (p<.05) (FIG 2 C).  
Exercise improves revascularization during regeneration in old mice  
C/Fi was greater 28 days following injury in the O-Ex group only (CTL: 2.0 ± 0.1; 
D28: 2.6 ± 0.2 cap/individual fibre) (p<.05) (FIG 3 K). Additionally, C/Fi was greater 
in the O-Ex (2.6 ± 0.2 cap/individual fibre) 28 days following injury compared to both 
the O-Sed (1.8 ± 0.17 cap/individual fibre) and the Y-Ctl group 1.9 ± 0.1 
cap/individual fibre) (p<.05) (FIG 3 K). VEGF mRNA expression was increased 10 
days following injury in both the Y-Ctl and O-Ex group (p<.05) (FIG 3 L) and returned 
to CTL levels 28 days following injury.  
Exercise does not impact lipid or collagen content during regeneration in old 
mice  
Aging and/or exercise conditioning during regeneration did not significantly impact 
lipid content as assessed by oil red o staining in muscle cross section (FIG 5). 
Additionally aging and/or exercise during regeneration did not affect collagen 
expression as assessed via Mason's trichrome staining of muscle cross sections 
(FIG 4).  
Discussion 
For the first time, we demonstrate that exercise conditioning can rescue age-
associated impaired muscle regeneration. Specifically, exercise-conditioned old mice 
re-established muscle fibre CSA 28 days following injury to the same extent as 
young animals. Consistent with previous reports, the exercise training protocol 
employed in this study resulted in an increase in SC content in old mice (FIG 1 L) 
without leading to an increase in muscle fibre CSA (FIG 1 J) (17,19). Although there 
is no clear consensus on the ability of skeletal muscle from old mice to regenerate 
following injury, we observe incomplete regeneration in O-Sed animals 28 days 
following injury (FIG 2 A).  
Exercise training results in remodelling of skeletal muscle tissue. These adaptations 
may, in part, explain the improvements observed in muscle regeneration in the O-Ex 
group. Here, we demonstrate that exercise resulted in an increase in SC content in 
old animals (FIG 1 L). SC are indispensible for skeletal muscle regeneration (4,5) 
and the increase in SC content in the O-Ex group as compared to that of the O-Sed 
group likely contributed to the similar regenerative pattern observed in both the O-Ex 
and Y-Ctl groups. The increased SC response in the Y-Ctl group persisted 
throughout the regeneration timeline, whereas this was not observed in the O-Sed 
group (FIG 1 O). Upon activation, SC proliferate; some differentiate and donate their 
nuclei to repair damaged fibers or fuse to one another to establish new fibers, while 
others revert to quiescence in order to maintain the SC pool (6,28). The greater SC 
content of young animals 28 days following injury that was not observed in the old 
sedentary group further demonstrates that skeletal muscle from old animals does not 
respond to injury in the same manner as young animals. The difference in SC 
content 28 days following injury likely contributed to the inability to completely restore 
CSA in old sedentary animals.  
A hallmark of regenerating muscle is the presence of centrally located nuclei (28). A 
greater proportion of regenerating fibers were observed at CTL in O-Ex compared to 
O-Sed animals (FIG 1 K) suggesting that the exercise protocol was demanding 
enough to require some degree of skeletal muscle adaptation/repair. Furthermore, 
we reported incomplete regeneration, as assessed by fibre CSA, in O-Sed animals. 
However the proportion of regenerating fibers 28 days following injury was smaller in 
the O-Sed group compared to the Y-Ctl group (FIG 1 B) This difference was not 
observed between the O-Ex and the Y-Ctl group. Fewer regenerating fibres at D28 
would suggest that the regenerative process was slowing in the O-Sed compared to 
the Y-Ctl group although fibre CSA was yet to be re-established to CTL group levels. 
Therefore, it is possible that the smaller fibre CSA observed in the O-Sed was not 
simply due to a delay in muscle regeneration but also that it may never be fully re-
establish in light of the slowing indices of regeneration observed in this group. These 
findings are contradictory to previous work that reported a re-establishment of fibre 
CSA following injury in old mice (8). These authors induced injury via notexin, which 
causes degeneration via a similar mechanism as CTX (29). However, the use of 
different protocols may explain the differences observed between studies as, unlike 
the current study, injury was induced in the extensor digitorum longus (EDL) of 
female C57BL/6J mice.  
Revascularization is an important process during muscle regeneration (30), however, 
reports evaluating capillarization in old rodents are conflicting. A reduction (31,32), 
no change (31) and even an increase (31,33) in capillarization during muscle fibre 
regeneration have all been reported. These differences may, in part, be attributed to 
the difference in rodent model used (mouse versus rat) and muscle examined. 
Exercise is able to increase capillary content, albeit to a lesser extent, in older 
animals compared to young (34). Here, we report no difference in C/Fi between each 
group at baseline (FIG 3 K). However, we report a greater C/Fi in O-Ex compared to 
both the O-Sed and the Y-Ctl group 28 days following injury (FIG 3 K). Enhanced 
vascularization 28 days following injury in the O-Ex group presumably provides 
improved support during myogenesis, which was impaired in the O-Sed group. 
Improved perfusion of the skeletal muscle may allow for enhanced exposure to the 
circulating systemic environment resulting in improved support of muscle 
regeneration in exercise-conditioned animals. In contrast, we do not observe an 
increase in C/Fi in the Y-Ctl group following injury. It is possible that the last time-
point (28 days) of our timeline was too late to observe an increase in the Y-Ctl group. 
Additionally, it is possible that the increase in C/Fi of the O-Ex group may be a 
compensatory mechanism. Muscle from old animals may require an even greater 
perfusion as compared to that of young animals to fully regenerate and we 
demonstrate in the current study that up-regulation of the angiogenic factor VEGF 
following injury is impaired in old sedentary animals (FIG 3 L). Our findings are 
supported by data that demonstrated impaired angiogenesis associated with 
reduced expression of VEGF following ischemic injury in old compared to young 
mice (32).  
When animals are treated with a VEGF neutralizing antibody the associated increase 
in vascularisation following exercise is not observed (35), suggesting a role of VEGF 
in neovascularization. An increase in VEGF mRNA expression was observed 10 
days following injury in the O-Ex and the Y-Ctl group, suggesting that muscle from 
these animals was expressing the appropriate cues to re-establish vascularisation 
following injury. Due to the profound injury and incomplete muscle fiber formation, 
C/Fi was not analyzed 10 days following injury.  
In addition to muscle fibre CSA we also aimed to determine the composition of 
skeletal muscle. Previous work has reported an increase in the fibrotic index in the 
early days following muscle injury in old mice (14). However, when regeneration is 
followed to later time points (i.e., 30 days following notexin injury) there were no 
observed differences in fibrotic index between young and old animals (8). Our results 
are in accordance with both of these studies. When determining the effect of aging 
on fibrosis during regeneration a greater fibrotic area was observed 10 days 
following injury in the O-Sed group compared to baseline (CTL) whereas the 
difference was no longer apparent 28 days following injury (FIG 4 K). However, when 
analyzing whether aging and exercise had an effect on fibrosis during regeneration, 
post-hoc tests revealed no differences between groups or time points. This may be 
due to lack of statistical power. We also determined lipid content as lipid infiltration of 
skeletal muscle increases with age in humans (36). Lee et al 2013 reported an 
increase in lipid deposits in old and senescent mice 30 and 21 days respectively 
following injury (8). Although not significant, lipid staining intensity was 80% greater 
in the O-Sed group 28 days following injury compared to baseline (CTL) whereas it 
was 14 and 37% greater in the Y-Ctl and O-Ex group's respectively (FIG 5 L). The 
content of non-muscle tissue (i.e. lipid and collagen) in skeletal muscle may impact 
regeneration and ultimately impair the re-establishment of fibre CSA and this seems 
to be especially true in O-Sed animals. Determining if the functional capacity of O-Ex 
mice was improved as compared to O-Sed mice would have been beneficial in 
determining if the re-establishment of fibre CSA translated to functional measures 
like strength and fatigability. In addition, an excess of non-contractile tissue such as 
adipose and connective tissue in skeletal muscle could also impact tissue 
contractility and result in reduced functional capacity.  
Skeletal muscle has an outstanding ability to fully regenerate following traumatic 
injury. However, the ability of skeletal muscle to completely regenerate following 
injury has, on occasion, reported to be delayed or impaired in old animals (12–14). 
These findings are confirmed in the present study with O-Sed animals displaying 
impaired muscle fibre regeneration 28 days following injury. Here, however, we 
demonstrate that 8 weeks of progressive endurance training is able to rescue 
impaired muscle regeneration of old mice following CTX injury. Rescued 
regeneration was likely a result of increased SC content following exercise. In 
addition, exercised animals appeared to have an improved re-establishment of the 
vascular network in response to exercise, which may have also contributed to 
complete skeletal muscle regeneration observed in this group. In conclusion, 
exercise-conditioning rescues delayed skeletal muscle regeneration observed in 
advanced age. 
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Figure legend  
Figure 1. Representative images of TA muscle cross sections from O-Ex (A-C), O-
Sed (D-F) and Y-Ctl (G-I) at CTL (A,D,G), D10 (B,E,H) and D28 (C,F,I) stained for 
laminin (green), Pax7 (red) and nuclei (DAPI-blue). White circles indicate SC (Pax7 
positive nuclei). The effect of exercise on CSA (J), the percentage of regenerating 
fibres (K) and on SC content (L) are presented at CTL in the O-Ex and O-Sed group. 
To determine the effect of age on regeneration CSA (M), the percentage of 
regenerating fibres (N) and SC content (O) are presented at CTL, D10 and D28 in 
the Y-Ctl and O-Sed groups. * significantly different from O-Ex, ** significantly 
different from Y-Ctl, *** significantly different that CTL within the same group.  
Figure 2. The effect of exercise and aging on CSA, the dotted line represents 
average CSA at CTL of Y-Ctl, O-Ex and O-Sed, (A), the percentage of regenerating 
fibres (B) and on SC content (C) following regeneration are presented in Y-Ctl, O-Ex 
and O-Sed. Graphs of fibre CSA distribution at CTL (D), D10 (E) and D28 (F). 
Distribution shows a leftward shift of the curve in all groups at D10 indicating a greter 
number of smaller fibers, at D28 there is a rightward shift of the curve in the Y-Ctl 
and O-Ex group indicating re-establishment of CSA to CTL values. *** significantly 
different that CTL within the same group, b significantly different that O-Sed and D10 
within the same group, ** significantly different from Y-Ctl.  
Figure 3. Representative images of TA muscle cross sections from O-Ex (A,B), O-
Sed (C,D) and Y-Ctl (E,F) stained for laminin (purple) and CD31 (green). The effect 
of exercise on C/Fi (G) and VEGF mRNA expression (H) are presented at CTL. The 
effect of aging and regeneration on C/Fi (I) and VEGF mRNA expression (J) are 
presented at CTL and D28 and CTL, D10 and D28 respectively. The effect of 
exercise and aging on C/Fi (K) and VEGF mRNA expression (L) during regeneration 
are presented in Y-Ctl, O-Ex and O-Sed. *** significantly different that CTL within the 
same group, c significantly different than D10.  
Figure 4. Representative Masson trichrome images of TA muscle cross sections, 
from O-Ex (A-C), O-Sed (D-F) and Y-Ctl (G-I) at CTL (A,D,G), D10 (B,E,H) and D28 
(C,F,I) from collagen is stained blue. The effect of exercise (J), aging and 
regeneration (K) and exercise and aging during regeneration (L) on collagen content 
are represented. *** significantly different that CTL within the same group, ** different 
than Y-Ctl.  
Figure 5. Representative Oil-red-o images of TA muscle cross sections, from O-Ex 
(A- C), O-Sed (D-F) and Y-Ctl (G-I) at CTL (A,D,G), D10 (B,E,H) and D28 (C,F,I) 
lipid is stained red. The effect of exercise (J), aging and regeneration (K) and 
exercise and aging during regeneration (L) on collagen content are represented. 
  
References  
1. Snijders, T., Verdijk, L. B., and van Loon, L. (2009) The impact of sarcopenia and 
exercise training on skeletal muscle satellite cells. Ageing Res. Rev. 8, 328–338  
2. Seale, P. and Rudnicki, M. A. (2000) A new look at the origin, function, and “stem-
cell” status of muscle satellite cells. Dev. Biol. 218, 115–124  
3. Adams, G. R., Caiozzo, V. J., Haddad, F., and Baldwin, K. M. (2002) Cellular and 
molecular responses to increased skeletal muscle loading after irradiation. Am. J. 
Physiol. Cell Physiol. 283, C1182–C1195  
4. McCarthy, J. J., Mula, J., Miyazaki, M., Erfani, R., Garrison, K., Farooqui, A. B., 
Srikuea, R., Lawson, B. A., Grimes, B., Keller, C., Van Zant, G., Campbell, K. S., 
Esser, K. A., Dupont-Versteegden, E. E., and Peterson, C. A. (2011) Effective fiber 
hypertrophy in satellite cell-depleted skeletal muscle. Development 138, 3657–3666  
5. Sambasivan, R., Yao, R., Kissenpfennig, A., Van Wittenberghe, L., Paldi, A., 
Gayraud-Morel, B., Guenou, H., Malissen, B., Tajbakhsh, S., and Galy, A. (2011) 
Pax7-expressing satellite cells are indispensable for adult skeletal muscle 
regeneration. Development 138, 3647–3656  
6. Ten Broek, R. W., Grefte, S., and Von den Hoff, J. W. (2010) Regulatory factors 
and cell populations involved in skeletal muscle regeneration. J. Cell. Physiol. 224, 
7–16  
7. Grefte, S., Kuijpers-Jagtman, A. M., Torensma, R., and Von Den Hoff, J. W. 
(2007) Skeletal muscle development and regeneration. Stem Cells Dev. 16, 857–868  
8. Lee, A. S. J., Anderson, J. E., Joya, J. E., Head, S. I., Pather, N., Kee, A. J., 
Gunning, P. W., and Hardeman, E. C. (2013) Aged skeletal muscle retains the ability 
to fully regenerate functional architecture. Bioarchitecture 3, 25–37  
9. Johnston, A. P. W., Bellamy, L. M., Lisio, M. De, and Parise, G. (2011) Captopril 
treatment induces hyperplasia but inhibits myonuclear accretion following severe 
myotrauma in murine skeletal muscle. Am. J. Physiol. Regul. Integr. Comp. Physiol. 
301, R363–R369  
10. Smythe, G. M., Shavlakadze, T., Roberts, P., Davies, M. J., McGeachie, J. K., 
and Grounds, M. D. (2008) Age influences the early events of skeletal muscle 
regeneration: studies of whole muscle grafts transplanted between young (8 weeks) 
and old (13-21 months) mice. Exp. Gerontol. 43, 550–562  
11. Shavlakadze, T., McGeachie, J., and Grounds, M. D. (2010) Delayed but 
excellent myogenic stem cell response of regenerating geriatric skeletal muscles in 
mice. Biogerontology 11, 363–376  
12. Sadeh, M. (1988) Effects of aging on skeletal muscle regeneration. J Neurol Sci 
87, 67–74  
13. Conboy, I. M., Conboy, M.J., Smythe, G.M., and Rando, T.A. (2003) Notch-
Mediated Restoration of Regenerative Potential to Aged Muscle. Science 302, 1575–
1577  
14. Brack, A.S., Conboy, M.J., Roy, S., Lee, M., Kuo, C.J., Keller, C., and Rando, 
T.A. (2007) Increased Wnt Signaling During Aging Alters Muscle Stem Cell Fate. 
Science. 317, 807–810  
15. Brack, A. S., Bildsoe, H., and Hughes, S. M. (2005) Evidence that satellite cell 
decrement contributes to preferential decline in nuclear number from large fibres 
during murine age-related muscle atrophy. J. Cell Sci. 118, 4813–4821  
16. Collins, C. A., Zammit, P. S., Ruiz, A. P., Morgan, J. E., and Partridge, T. A. 
(2007) A Population of Myogenic Stem Cells That Survives Skeletal Muscle Aging. 
Stem Cells 25, 885–894  
17. Shefer, G., Rauner, G., Yablonka-Reuveni, Z., and Benayahu, D. (2010) 
Reduced satellite cell numbers and myogenic capacity in aging can be alleviated by 
endurance exercise. PLoS One 5  
18. Shefer, G., Mark, D. P. Van De, Richardson, J. B., and Yablonka-reuveni, Z. 
(2006) Satellite-cell pool size does matter: defining the myogenic potency of aging 
skeletal muscle. Dev Biol 294, 50–66 
19. Shefer, G., Rauner, G., Stuelsatz, P., Benayahu, D., and Yablonka-Reuveni, Z. 
(2013) Moderate-intensity treadmill running promotes expansion of the satellite cell 
pool in young and old mice. FEBS J. 280, 4063–4073  
20. Conboy, I. M., Conboy, M. J., Wagers, A. J., Girma, E. R., Weissman, I. L., and 
Rando, T. a. (2005) Rejuvenation of aged progenitor cells by exposure to a young 
systemic environment. Nature 433, 760–764  
21. Navarro, A., Gomez, C., Lopez-Cepero, J. M., and Boveris, A. (2004) Beneficial 
effects of moderate exercise on mice aging: survival, behavior, oxidative stress, and 
mitochondrial electron transfer. Am J Physiol Regul Integr Comp Physiol 286, R505–
R511  
22. Kurosaka, M., Naito, H., Ogura, Y., Kojima, A., Goto, K., and Katamoto, S. 
(2009) Effects of voluntary wheel running on satellite cells in the rat plantaris muscle. 
J. Sports Sci. Med. 8, 51–57  
23. Kurosaka, M., Naito, H., Ogura, Y., Machida, S., and Katamoto, S. (2012) 
Satellite cell pool enhancement in rat plantaris muscle by endurance training 
depends on intensity rather than duration. Acta Physiol. 205, 159–166  
24. Klitgaard, H. (1988) A model for quantitative strength training of hindlimb 
muscles of the rat. J. Appl. Physiol. 64, 1740–1745  
25. Klitgaard, H., Marc, R., Brunet, A., Vandewalle, H., and Monod, H. (1989) 
Contractile properties of old rat muscles: effect of increased use. J. Appl. Physiol. 67, 
1401–1408  
26. Catoire, M., Mensink, M., Boekschoten, M. V, Hangelbroek, R., Müller, M., 
Schrauwen, P., and Kersten, S. (2012) Pronounced effects of acute endurance 
exercise on gene expression in resting and exercising human skeletal muscle. PLoS 
One 7, e51066  
27. Hepple, R. T. and Mathieu-Costello, O. (2001) Estimating the size of the 
capillary-to-fiber interface in skeletal muscle: a comparison of methods. J. Appl. 
Physiol. 91, 2150–2156 
28. Chargé, S. B. P. and Rudnicki, M. A. (2004) Cellular and molecular regulation of 
muscle regeneration. Physiol. Rev. 84, 209–238  
29. Plant, D. R., Colarossi, F. E., and Lynch, G. S. (2006) Notexin causes greater 
myotoxic damage and slower functional repair in mouse skeletal muscles than 
bupivacaine. Muscle Nerve 34, 577–585  
30. Bodine-Fowler, S. (1994) Skeletal muscle regeneration after injury: an overview. 
J. Voice 8, 53–62  
31. Gavin, T. P., Westerkamp, L. M., and Zwetsloot, K.A. (2006) Soleus, plantaris 
and gastrocnemius VEGF mRNA responses to hypoxia and exercise are preserved 
in aged compared with young female C57BL/6 mice. Acta Physiol. (Oxf). 188, 113–
121  
32. Rivard, A., Fabre, J. E., Silver, M., Chen, D., Murohara, T., Kearney, M., Magner, 
M., Asahara, T., and Isner, J. M. (1999) Age-dependent impairment of angiogenesis. 
Circulation 99, 111–120  
33. Davidson, Y. S., Clague, J. E., Horan, M.A., and Pendleton, N. (1999) The effect 
of aging on skeletal muscle capillarization in a murine model. J. Gerontol. A. Biol. 
Sci. Med. Sci. 54, B448–B451  
34. Ambrose, C. (2015) Aging: A deficiency state involving declining angiogenic 
factors. Ageing Res. Rev 23, 139–153  
35. Amaral, S. L., Papanek, P. E., and Greene, A. S. (2001) Angiotensin II and 
VEGF are involved in angiogenesis induced by short-term exercise training. Am. J. 
Physiol. Heart Circ. Physiol. 281, H1163–H1169  
36. Delmonico, M. J., Harris, T. B., Visser, M., Park, S. W., Conroy, M. B., 
Velasquez-Mieyer, P., Boudreau, R., Manini, T. M., Nevitt, M., Newman, A. B., and 
Goodpaster, B. H. (2009) Longitudinal study of muscle strength, quality, and adipose 
tissue infiltration123. Am. J. Clin. Nutr. 90, 1579–1585 
  
Figure 1 
 
Figure 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 
 
 
 
 
 
 
 
Figure 5 
 
 
